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We overview progress in the development of general-purpose CTEQ PDFs. The preprint
is based on four talks presented by H.-L. Lai and P. Nadolsky at the 17th International
Workshop on Deep Inelasti Sattering and Related Subjets (DIS 2009).
August 30, 2009
Interpretation of data from high-energy olliders, suh as the Tevatron at Fermilab and
the LHC at CERN, relies on the knowledge of parton distribution funtions (PDFs) desrib-
ing momentum distributions of quarks and gluons in the hadron. The most omprehensive
method for determination of PDFs is based on a global analysis of many kinds of ex-
periments, whose results are tied together by the theory of Quantum Chromodynamis
(QCD). Historially, two families of general-purpose unpolarized PDFs have been in wide
use, provided by the CTEQ [1℄ and MRST/MSTW [2℄ global analyses.
1
Members of CTEQ
(Coordinated Theoretial-Experimental projet on QCD) onurrently explore several kinds
of PDFs [4, 5, 6℄. Among these eorts, our group established and led for a long time by
Wu-Ki Tung (whih we will refer to as Tung et al., or TEA, group) traditionally fouses
on determination of general-purpose unpolarized proton PDFs and their unertainties. The
TEA group has presented four talks about its reent work at the DIS'2009 workshop in April
2009, with the slides available from the workshop website [7, 8, 9, 10℄. The purpose of this
ontribution is to summarize those presentations. The main text will refer to the slides from
the talks; it is essential to have them open when reading the paper.
CT09 set of parton distributions. In 2008, CTEQ/TEA group released a CTEQ6.6M
best-t PDF set [1℄, together with 44 supplementary PDF parametrizations needed for om-
putation of PDF unertainties. Our next set of PDFs to be released, tentatively designated
CT09, will inlude a number of new features not available in CTEQ6.6. It will inorporate
new experimental data that beame reently available from the Tevatron Run-2 and address
a number of physis issues impating the behavior of the PDFs.
Tevatron jet prodution. The gluon distribution g(x, µ) remains among the least
onstrained parton distribution funtions (PDFs), despite its important role in high-energy
ollider physis. Its behavior is most unertain at momentum frations x of order 0.1 or
above, where the gluon PDF is onstrained in the ontext of a global QCD analysis largely
by the data on inlusive single-jet prodution at the Tevatron ollider, pp¯ → jet + X .
Considerable freedom in the parametrization of g(x, µ) at large x values, still allowed by the
global analysis, aets preditions for the Tevatron and LHC proesses sensitive to gluon
sattering, inluding prodution of high-pT hadroni jets, tt¯ pairs, and Higgs bosons.
Reently, the CDF and D0 ollaborations at the Tevatron Run-2 published new mea-
surements of inlusive single-jet prodution ross setions [11, 12, 13℄. They have smaller
1
A third independent global analysis by Neural Network PDF Collaboration [3℄ is expeted to be released
in the near future.
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statistial errors and better understood systematial unertainties in omparison to similar
Run-1 measurements [14, 15℄ available to CTEQ6.6. The impat of these Run-2 data on
the gluon distribution were investigated as a part of the CT09 t [16℄ and reviewed at the
DIS'2009 workshop [7℄. We foused, in partiular, on the suggestion [2, 13℄ that the Run-2
data ause signiant hanges in the gluon PDF as ompared to CTEQ6.6. If, for example,
the Run-2 jet data prefer a smaller magnitude of g(x, µ) at large x, as suggested by the
MSTW'2008 study, it would reverse the trend followed by the CTEQ5 and CTEQ6 PDF
series that tended to have an enhaned gluon distribution in order to better aommodate
the Run-1 jet ross setions.
In ontrast to those suggestions, the CT09 analysis does not onrm that the Run-2
data neessitates suppression of g(x, µ) at large x. The main role of these data is to impose
signiant onstraints on g(x, µ) and to redue unertainty in g(x, µ) at x > 0.1 despite
relaxation of subjetive assumptions about the gluon parametrization form made in the
earlier global ts.
The CT09 best t ahieves exellent agreement with the Run-2 data [7, slides 5a, 5b℄,
while also preserving tolerable agreement with the Run-1 data sets. The CT09 gluon PDF
agrees with CTEQ6.6 within the unertainty bands [7, slides 6 and 7℄. The most signiant
dierene between the CT09 and CTEQ6.6 g(x, µ) is observed at µ = Q < 5 GeV and
x ≈ 0.3, where CT09 g(x, µ) is enhaned (rather than dereased) in omparison to CTEQ6.6
[7, slide 7, top left gure℄. No signiant dierenes between CT09 and CTEQ6.6 are
observed at other x values or larger µ. This an be ontrasted to the behavior of MSTW'08
NLO PDFs, also tted to the Run-2 jet data and shown in the right gure of the same
slide. While also enhaned above CTEQ6.6M at x < 0.3, the MSTW'08 NLO gluon PDF
omes out to be systematially smaller than CTEQ6.6M at larger x. This disrepany in
the onlusions about the x > 0.3 region  suppression of MSTW'08 NLO g(x, µ) with
respet to CTEQ6.6, and no disernible dierene between CT09 and CTEQ6.6  an be
more a reetion of dierent hoies made by the two groups (notably, in the seletion of the
funtional form for g(x, µ)) than of a genuine onstraint by the Run-2 data (whih beome
inreasingly unertain toward larger x).
Theoretial unertainty. In light of the smallness of Run-2 statistial errors, unertainty
in g(x, µ) is now dominated by systemati fators, eah of whih needs to be explored in turn.
To start, one must onrm that theoretial preditions for NLO jet prodution ross setions
available from several groups [17, 18, 19, 20℄ agree within the desired auray of the analysis.
We found [16℄ that dierenes between the EKS and FastNLO NLO alulations [17, 21℄
employed in the global analysis are smaller than, or omparable to, other systemati eets.
At the same time, theoretial unertainties due to fatorization sales, hadronization, and
underlying event an modify the jet ross setions by 10-20% [22℄. Unimportant at present,
this theoretial unertainty will need to be aounted for in the future and eventually redued
by alulating jet ross setions at NNLO.
Agreement between single-jet prodution experiments; hoie of PDF parametrization.
The possibility of disagreement between the Run-1 and Run-2 inlusive jet data was re-
peatedly raised as an explanation for real or superial dierenes between the pre- and
post-Run-2 solutions for the gluon PDF. The best-t gluon distribution obtained in a simul-
taneous t to the the Run-1 and Run-2 jet data sets agrees with both; but, if tted on their
own, the Run-1 and Run-2 data prefer somewhat dierent shapes of g(x, µ). The degree of
(dis)agreement depends on the funtional form parametrizing g(x, µ0) at the initial sale µ0.
It an be exaerbated if the parametrization of g(x, µ) is insuiently exible.
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To redue the parametrization bias, CT09 employs a more exible form for g(x, µ0) than
CTEQ6.6. This parametrization, designated as par1 in [7, slide 15℄, inludes ve free
parameters, vs. three parameters in CTEQ6.6. It leads to the best agreement with the
experimental data sets  and it allowed us to systematially explore agreement between
the jet experiments using a χ2 reweighting method proposed in [23℄ and a new data set
diagonalization method desribed below.
This investigation shows that the Run-1 and Run-2 jet experiments are onsistent, for the
most part, with one another, with theory, and with non-jet experiments. Yet, peuliarities
of presently unknown origin in the t to the Run-1 data sets were also deteted, whih may
explain their preferene for a somewhat dierent gluon PDF. A persistently large χ2/d.o.f.
is observed in the ase of the CDF Run-1 data regardless of the PDF parametrization used,
reeting exessive irregular satter of these data. For the D0 Run-1 jet data, the χ2 value
varies exessively when very similar CTEQ parametrizations are ompared. These eets
may reet underestimated unorrelated errors present in the two measurements and, in
the ase of D0 Run-1, peuliar dependene on the ross setion normalization and other
orrelated fators. Altogether, they may indiate insuient ontrol of systemati eets in
Run-1 jet prodution.
In ontrast to par1, less exible gluon parametrizations tend to exaggerate tensions
between the jet experiments, or between the jet and non-jet experiments. With suh
parametrizations, a good t to all data sets required for the onsisteny study ould not be
attained. Consider, for example, a χ2 reweighting san exploring the agreement between
the jet and non-jet data. The san multiplies the jet data ontribution χ2jet to the global χ
2
by a weighting fator wjet:
χ2 = wjet χ
2
jet + χ
2
non−jet.
Parametri dependene of χ2jet and ∆χ
2
non−jet ≡ χ2non−jet−min(χ2non−jet) on wjet is shown
in the gure on slide 15 of [7℄. The CT09 parametrization, par1, is ompared to three-
parameter (less exible) parametrizations par2 and par3 dened on the same slide. Vari-
ations in χ2 by 50-100 are deemed statistially signiant in this omparison, in aordane
with the CTEQ tolerane riterion [24℄. Without the jet data inluded (wjet = 0), the three
parametrizations desribe the non-jet data sets equally well (∆χ2non−jet ≈ 0 for all three
of them). When wjet is inreased to 1 (the jet and non-jet data are inluded on the same
footing) or 10 (agreement with the jet data is strongly emphasized over the non-jet data),
the par1 form allows to signiantly redue χ2jet, while only modestly inreasing χ
2
non−jet
(∆χ2non−jet < 50). This is less possible with the par2 and par3 forms: the redution in
χ2jet happens only at the expense of a signiant inrease in χ
2
non−jet, espeially for par3.
HERA ts to DIS data ommonly employ the par3 form to parametrize the gluon
distribution [25, 26, 27℄. The total number of all free PDF parameters allowed in these
ts annot be larger than about 10 due to the limited onstraining power of the DIS data
tted on its own. The χ2 reweighting san shows that the par3 form is exible enough
to desribe the DIS data on their own, but not to reonile the DIS and Tevatron jet
prodution onstraints in a simultaneous global t. In the latter ase, a more exible PDF
parametrization suh as par1 an be introdued to provide a more realisti estimate of the
PDF unertainty.
2
2
In the NNPDF method [3℄, whih operates with ultra-exible PDF parametrizations, the primary eet
of the jet data is to redue the large unertainty allowed for g(x, µ) by DIS experiments.
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Data set diagonalization. The analysis of data sometimes requires tting many free
theoretial parameters to a large number of data points. Questions naturally arise about
the ompatibility of spei subsets of the data, suh as those from a partiular experi-
ment or those based on a partiular tehnique, with the rest of the data. Questions also
arise about whih theory parameters are determined by spei subsets of the data. In
Ref. [28℄, an extension of the Hessian method for unertainty analysis [29, 30℄ dubbed data
set diagonalization (DSD) was developed in order to examine both kinds of questions.
The DSD proedure identies the diretions in the PDF parameter spae along whih a
given subset S of data provides signiant onstraints in a global t. The proedure involves
a seondary diagonalization of χ2 to obtain a new set of tting parameters {zi} that are
linear ombinations of the original ones. In the {zi} representation, the data set S from a
given experiment (or another subset of the full data) and its omplement S take the form
of independent measurements, within the sope of the quadrati approximation applied to
χ2. The degree of onsisteny between S and S an thus be examined straightforwardly by
omparing two independent onstraints on eah parameter zi onsidered.
When applied to pratial ts [28℄, the DSD method unovered and quantied the degree
of tension between the two Tevatron Run-2 inlusive jet experiments, and between one
of those experiments and the non-jet data, whih was diult to detet using the older
χ2 resaling method. The DSD method an also identify whih features of the t are
ontrolled by partiular experiments or other subsets of the full data. As an example of
this, the jet experiments were shown to be the prinipal soure of information on the gluon
distribution, by showing that the eigenvetor diretions dominating the unertainty of the
gluon distribution are the same diretions that are onstrained by the jet data (f. Fig. 4
in [28℄). More generally, the DSD method is suitable for a systemati study of onsisteny
between experiments inluded in the full global t (again within the sope of the Gaussian
approximation) [31℄.
Correlation analysis of PDF unertainties. In many pratial appliations, it may
be neessary to know if the PDF unertainty of one quantity, X, is related in any way
to the PDF unertainty of another quantity, Y. For example, one may need to establish
if the PDF dependene of a spei ross setion (X = σ) is driven by a spei PDF
parameter (Y = zi), onstrained in turn by the measurement of another ross setion, Z =
σ′. These (often entangled) relations between the PDF dependene of dierent quantities an
be eluidated by yet another tehnique extending the Hessian method, the PDF orrelation
analysis developed in Refs. [1, 30, 32℄. The advantage of the orrelation method as ompared
to the DSD or Lagrange multiplier methods is that publily available error PDF sets are
suient for arrying it out; it does not require speialized statistial tools.
In this approah [7, slides 22-24℄, one omputes a osine of orrelation angle ϕ for X and
Y ,
cosϕ =
1
4∆X∆Y
N∑
i=1
(
X
(+)
i −X(−)i
)(
Y
(+)
i − Y (−)i
)
,
where ∆A =
√∑N
i=1
(
A
(+)
i −A(−)i
)2/
2 is the usual PDF error for A = X or Y, and A
(±)
i
(i = 1, ...N) are the values of A evaluated for 2N = 44 error PDF sets. One is most
interested in situations when cosϕ takes a value lose to +1 or −1. In these ases, the
PDF dependene of X and Y is strongly orrelated or antiorrelated, respetively, so that
an aurate measurement of X would strongly redue the PDF unertainty of Y .
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It is often instrutive to alulate cosϕ between a sattering ross setion σ and a PDF
fa(x,Q) at given x and Q. One an identify the PDFs and the x regions ontributing the
bulk of the PDF error to σ by plotting cosϕ vs. x and looking for the x regions where
| cosϕ| is large (say, above 0.7). Figure 1 shows suh plot for the total ross setion of Z
boson prodution at the LHC at
√
s = 10 TeV, while slide 24 in [7℄ shows the Z ross setion
at four hosen values of rapidity y of the Z boson. Eah gure ontains at least one urve
with one or two x regions where | cosϕ| is large. These x regions and PDF avors drive the
PDF unertainty; the other regions are less important.
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Figure 1: Correlation between the NLO total
ross setion for Z prodution at the LHC,
pp→ ZX at √s = 10 TeV, and PDFs fa(x,Q)
at Q = 85 GeV.
An interesting feature to notie is that
the orrelations for the total Z ross setion
are not reprodued exatly in either bin of
the rapidity of the Z boson. The PDF un-
ertainty of the total ross setion in Fig. 1
is orrelated mostly with the least known
c, b, and g PDFs at x = 10−3 − 10−2 ∼
MZ/
√
s, and not with the u, d quark and
anti-quark PDFs that ontribute the bulk of
the ross setion, but are onstrained muh
better [1℄. The Z ross setion is also anti-
orrelated with the c, b, g PDFs at x ∼ 0.1,
as a onsequene of the momentum sum
rule. A similar orrelation with the gluon
and heavy-quark PDFs is observed at en-
tral rapidities (y = 0.05 and 1.05 in slide
24), however, these bins also show enhaned
orrelation with the strangeness distribu-
tion, whih is not present in the total ross
setion. At large rapidity values of y = 2.05
y = 3.85, a strong orrelation develops with
the u and d (anti)quark PDFs, whih overtakes the orrelation with the gluon and heavy-
quark distributions. As y inreases, the position of the largest orrelations shifts from
x = 10−2 at y = 0.05 to x = 5 · 10−4 at y = 3.85. The point of this exerise is to show that
the PDF unertainty of the total ross setion is only an approximate preditor of the PDF
dependene in the given proess. More detailed studies may be needed when pronouned
kinematial dependene of the PDF unertainty is antiipated.
Intermediate-mass sheme for heavy quarks. A few-perent auray expeted
from the modern (N)NLO PDFs requires, among other things, to orretly implement heavy-
quark mass ontributions in ross setions in the whole energy range onsidered in the global
analysis [1, 2, 33, 34℄. This implementation is realized most systematially in the general-
mass (GM) fatorization sheme [35, 36℄, a reent implementation [33℄ of whih is used in the
CTEQ6.6 and CT09 ts. A good fration of input preision data from DIS and xed-target
experiments inluded in the global analysis are at energy sales omparable to, or not too
far above, the harm and bottom masses. The PDF parametrizations are thus sensitive to
the more preise treatment of mass eets in the GM sheme. In turn, preditions for the
Tevatron and LHC ross setions, inluding the benhmark W and Z ross setions, also
depend on the treatment of heavy-quark masses at low energies.
Although the GM sheme is learly superior in its onsisteny to the zero-mass (ZM)
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sheme, it is onsiderably more ompliated, and thus, not as widespread as the ZM sheme.
On the other hand, sine the most important heavy-quark mass eets reet energy-
momentum onservation in prodution of heavy quarks near their mass threshold, key
features of the GM sheme might be potentially reprodued by implementing full mass
dependene in the kinematial part of heavy-quark ross setions, while still assuming sim-
plied zero-mass expressions for their dynamis desribed by the matrix elements [34℄. This
hybrid approah ombining simple ZM dynamis with full GM kinematis was worked out
in detail at NLO [8, 37℄. The resulting eetive formalism, whih we proposed to all an
intermediate-mass (IM) alulational sheme, an be viewed either as an improved zero-
mass formulation with general-mass kinematis of nal states, or a simplied general-mass
formulation with zero-mass hard matrix elements. It an be applied to reprodue the essen-
tial heavy-quark mass dependene by a modest modiation of the zero-mass alulation.
The exat implementation of the intermediate-mass approah is not unique, but depends
on the hoie of a resaling variable ζ [8, slides 5-6℄. For one spei hoie of ζ (orre-
sponding to the parameter λ = 0.15), all essential features of the general-mass sheme are
reprodued both in terms of the resulting PDFs and in terms of typial physis preditions
at the Tevatron and the LHC [8, slides 7-10℄. These ndings show that the IM sheme
indeed brings the existing NLO analyses based on zero-mass hard matrix elements loser to
the general-mass formulation. Nonetheless, dependene of the IM preditions on the form
of the eetive resaling variable underlines the phenomenologial nature of this approah.
Although this dependene in priniple also arises in the general-mass formalism, it is less
pronouned than in the phenomenologial IM formulation [8, slide 10℄. Thus, the additional
soure of theoretial unertainty due to the hoie of the resaling variable hardly aets
what we know about the GM formalism  exept that, perhaps, it should be added to the
other soures of theoretial errors, suh as sale dependene, when assessing the unertainty
of the GM theoretial results.
New data on vetor boson prodution. The CT09 global analysis will inlude
new data on heavy vetor boson (W, Z) prodution produed in the Tevatron Run-2. This
inludes, rst and foremost, the CDF measurements of harged lepton asymmetry in W
boson prodution [38℄ and CDF Z boson rapidity distributions [39℄. At this stage, we do
not inlude the D0 Run-2 data onW boson harge asymmetry [40℄, sine they annot be well
desribed by the global analysis. Agreement with these data an be only improved at the
ost of having a muh worse t to the Run-1 W -lepton asymmetry data and non-Tevatron
experiments. With the D0 Run-2 data in the t, the ratio of down-valene to up-valene
parton distribution funtions in the large x region beomes too large as ompared to the
CTEQ6.6 unertainty band. On the other hand, the W -lepton asymmetry data from CDF
Run-2 agree well with the rest of the global analysis. CDF also released a new measurement
of the W harge asymmetry as a funtion of W boson rapidity reonstruted from the 4-
momentum of the harged lepton [41℄. These data agree well with the reent CTEQ6.X
PDFs, and its primary role would be to redue the unertainty in the relevant ombinations
of quark PDFs. For this, theoretial unertainty arising in the reonstrution of theW boson
rapidity distribution from the diretly observed lepton distribution will need to be better
understood.
Combined PDF+pT t. Reently, we extended the onventional global QCD analysis
to inlude experimental data on transverse momentum (PT ) distributions in low-Q Drell-Yan
and Z boson prodution in hadron-hadron sattering [9℄. The PT data is desribed system-
atially by Collins-Soper-Sterman resummation [42℄, whih aounts for soft QCD radiation
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that aets multi-sale measurements. Resummation introdues a phenomenologial fun-
tion SNP (b,Q) to desribe nonperturbative QCD eets parametrized in impat parameter
(b) spae. Within the ombined PDF+PT analysis, we are able to pursue determination of
the nonperturbative funtion SNP and the PDFs simultaneously. It is expeted to give a
better estimate for quantities that rely on both, espeially for W boson mass measurement.
As one of preliminary results, we obtained a new estimate of SNP (b,Q) at the invariant
mass Q = MZ relevant for Z boson prodution in the Tevatron Run-2. By parametrizing
SNP (b,MZ) = gb
2
and applying the Lagrange multiplier method, we found g = 2.49+0.24
−0.39,
whih is slightly larger than the value of g reported by D0 ollaboration [43℄. We are in
the proess of produing a speialized set of error PDFs that will inlude additional PDF
eigenvetor sets to desribe the unertainty in SNP (b,Q).
PDFs for leading order Monte-Carlo
W+
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 NLO CTEQ6.6 10 TeV
 LO CT09MC2 10 TeV
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NLO CTEQ6.6 7 TeV
LO CT09MC2 7 TeV
 LO MRST2007lomod
W+ rapidity distribution
Figure 2: The pp → W+X ross setion at√
s = 10 and 14 TeV, from the NLO/CTEQ6.6
alulation and LO alulations based on
CTEQ and MSTW modied LO PDFs.
showering programs. Just as NLO PDFs
are used with NLO alulations, it has been
natural to use LO PDFs with LO alula-
tions, inluding the popular parton shower
Monte Carlo programs. Unfortunately, many
ollider matrix element alulations realized
at LO dier from NLO preditions not only
in magnitude, but also in shape, beause of
the impat of hard-sattering orretions,
but also beause of the dierenes exist-
ing between the LO and NLO PDFs. This
problem has led to the introdution of PDFs
that are speially designed for leading-order
Monte Carlo (LO MC) programs. They at-
tempt to lessen the dierenes between the
LO and NLO preditions by modifying the
PDFs. Suh LO MC PDFs have been pro-
dued reently by CTEQ/TEA [10℄. In our
approah, pseudodata for NLO theoretial
ross setions for several benhmark ol-
lider proesses have been inluded in the
global t along with the usual experimental data. Spei pseudodata sets onsidered were
for W , Z, tt¯, bb¯, and Standard Model Higgs boson prodution in pp ollisions at 14 TeV,
generated at NLO using the CTEQ6.6 set of PDFs. The purpose of the pseudodata is to
enhane the desired NLO behavior in the LO MC PDFs. Two approahes were adopted: (1)
the momentum sum rule was kept intat, and the sales for the pseudodata ross setions
were varied within a limited range to ahieve the best t to the shape of the relevant NLO
kinemati distributions; or (2) violations of the momentum sum rule were allowed, and the
best LO t to the pseudodata ross setions was attempted, in terms of both normalization
and shape. An example of the latter approah is shown in Figure 2, where the W+ rapid-
ity distribution at the LHC is shown for enter-of-mass energies of 14, 10 and 7 TeV. The
CTEQ LO MC PDF (CT09MC2) leads to better agreement with the fully NLO predition
at 14 TeV than the LO predition using the MRST2007lomod PDF, both in the shape of the
W+ rapidity distribution and in its normalization. Good agreement is also observed for the
preditions for the two lower enter-of-mass energies for the LHC. A similar level of agree-
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ment is ahieved for the W− and Z ross setions, and better shapes and normalizations
are obtained for the heavy-avor and Higgs ross setions as well.
PDF reweighting and FROOT. In a typial alulation of the PDF unertainty, the
user must ompute the ross setion of interest for a large number (N = 30 − 1000) of
error PDFs. A multi-loop QCD alulation for even one PDF set an require substantial
omputer resoures. Straightforward repetition of this alulation for many PDF sets an
quikly beome intratable.
This bottlenek an be eliminated by a general-purpose tehnique for event reweighting
in Monte-Carlo integration programs. The event reweighting redues the CPU time needed
to ompute all N ross setions by evaluating ompliated multi-loop matrix elements only
one for all N PDFs. The event reweighting also improves onvergene of the Monte-Carlo
estimate for the PDF unertainty [7, slides 25-26℄.
The TEA group develops FROOT [44℄, a publily available library that failitates PDF
reweighting and analysis of large numerial outputs for many PDF sets in theoretial alula-
tions written in Fortran or C++. The urrent version of FROOT provides a simple interfae
to write dierential ross setions for N PDF sets into CERN ROOT trees, whih an then
be analyzed inside the ROOT program to evaluate PDF unertainties, PDF orrelations,
et. Depending on the setup of the alulation, this approah an substantially redue (by
a fator of 10 or more) the requirements for CPU time and hard-disk storage requirements.
The FROOT interfae is implemented in MCFM [45, 46, 47℄ and ResBos programs [48, 49℄
omputing a variety of theoretial ross setions. In the future, FROOT will be expanded to
inlude additional features failitating the analysis of the PDF dependene of ollider ross
setions in CERN ROOT.
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